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ABSTRACT 



It is well known that the long-term evolution of the photospheric magnetic 
field plays an important role in building up free energy to power solar eruptions. 
Observations, despite being controversial, have also revealed a rapid and per- 
manent variation of the photospheric magnetic field in response to the coronal 
magnetic field restructuring during the eruption. The Helioseismic and Magnetic 
Imager instrument (HMI) on board the newly launched Solar Dynamics Obser- 
vatory (SDO) produces seeing-free full-disk vector magnetograms at consistently 
high resolution and high cadence, which finally makes possible an unambiguous 
and comprehensive study of this important back-reaction process. In this study, 
we present a near disk-center, GOES-cl&ss X2.2 flare, which occurred in NOAA 
AR 11158 on 2011 February 15. Using the magnetic field measurements made by 
HMI, we obtained the first solid evidence of a rapid (in about 30 minutes) and 
irreversible enhancement in the horizontal magnetic field at the flaring magnetic 
polarity inversion line (PIL) by a magnitude of ~30%. It is also shown that the 
photospheric field becomes more sheared and more inclined. This field evolution 
is unequivocally associated with the flare occurrence in this sigmoidal active re- 
gion, with the enhancement area located in between the two chromospheric flare 
ribbons and the initial conjugate hard X-ray footpoints. These results strongly 
corroborate our previous conjecture that the photospheric magnetic field near 
the PIL must become more horizontal after eruptions, which could be related to 
the newly formed low-lying fields resulted from the tether-cutting reconnection. 



Subject headings: Sun: activity — Sun: coronal mass ejections (CMEs) — Sun: 
flares — Sun: X-rays, gamma rays — Sun: surface magnetism 
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INTRODUCTION 



Almost two decades ago, we discovered rapid and perman ent changes of vector mag- 
netic fields associated with flares ( IWang||l992l ; IWang et al.lll994j ). Specifically, the transverse 
field near the flaring magnetic polarity inversion line (PIL) is found to enhance substantially 
and irreversibly across the time duration of the flare, which is also often accompanied by 
an increase of magnetic shear. Similar trend indicating a more horizontal orientation of 
the photospheric magnetic field after flares and cor onal mass ejections (CMEs) has contin 
ued to be observed late r on in many observations 
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agreement with recent model predictions (ILi et al. 



2009 



(W ang et al. 



2002 



Liu et al. 



2004, 2005; Liu et al. 



2011al ). and shows some 



201lh . Nevertheless, a majority of such 



studies are unavoidably hampered by the obvious limitations, ground-based observations 
(e.g., seeing variation and the limited number of observing spectral po s itions), probably be- 



cause of which m i xed results wer e also reported (lAmbastha et al.lll993t lHagyard et al.lll999 
Chen et al.lfl994J : ILi et alJlioOOaB ). 



On the other hand, flare-related variations in the line-o f-sight (LOS 
tospheric magnetic field have been clearly recognized (e.g.. [Wang et ah 



component of pho- 



2002 



Spirock et al. 



2002 1; lYurchvshvn et ali2004[ ISudol & Har"^evll2005l : IWan j20od IWang & LiulhoidlPetrie & Sudol 



20101 ) . In particular, the feature of unbalanced flux evolution of the opposite polarities could 
provide an in direct evidence for the more horizontal orientation of photospheric fields after 
flares/CMEs (IWang fc Liull2010l ). However, it is noted that the chang es of the LOS field 
alone cannot provide complete understanding of the field restructuring ( IHudsonl 120111 ). 



It is notable that vector magnetic field d ata has been mad e available with the Helioseis- 
mic and Magnetic Imager (HMI) instrument (jSchou et al.ll201ll ) on board the newly launched 
Solar Dynamics Observatory (SDO). Its unprecedented observing capabilities give a favor- 
able opportunity to finally resolve any uncertainties regarding the evolution of photospheric 
magnetic field in relation to flares/CMEs. 

In this study, we investigate a near disk-center X2.2 flare on 2011 February 15, which 
provides the first solid evidence of the enhancement in the horizontal field at the flaring PIL 
using the seeing-free HMI data. We will discuss the implications of such a change in the 
context of magnetic reconnection model for flares. 



2. OBSERVATIONS AND DATA REDUCTION 



The HMI instrument obtains filtergrams in six polarization states at six wavelengths 
along the Fe I 6173 A spectral line to compute Stokes parameters I Q U V, which are then 
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reduced with the HMI science data processing pipelind^ to (1) retrieve the ve ctor magnetic 



field using the Very Fast Inversion of the Stokes Vector (VFISV) algorithm (IBorrero et al. 



20101 ) based on the Milne-Eddington a pproximation, (2) resolve the 18 0° azimuthal ambiguity 
using the "minimum energy" method ( IMet c ala 1 1 9 94j ; iLeka et al.ll2009f ). As o f the time of this 



writi ng, only AR11158 processed data have been released by the HMI team (IHoeksema et al. 



201 lh . For our study, we use the product of vector magnetograms projected and remapped 
to heliographic coordinates, with a spatial resolution of ~1" and a cadence of 12 minutes. 

The temporal and spatial relationship between the change of the photospheric fields 
and flare energy release can provide important clues concerning the eruption mechanism. 
The evolution of the flare hard X-ray (HXR) emission was entirely register ed by the Reuven 
Ramaty High Energy Solar Spectroscopic Imager (RHESSI ; lLin et al.ll2002l ). PIXON images 
(IHurford et al.ll2002l ) in the 35-100 keV energy range showing the flare footpoints were recon- 
structed using the front segments of detectors 2-8 with 16-32 s integration time throughout 
the event. To provide the chromosph eric and coronal con text, we also used Ha images taken 
by the Solar Optical Telescope fSOT; lTsuneta et al.ll2008i) onboard Hin ode, and EUV images 
made by the Atmospheric Imaging Assembly (AIA; iLemen et al.ll201l[ ) on board SDO. 



3. RESULTS 

The /?7 region NOAA 11158 was located close to the disk center (S21°, W21°) when the 
2011 February 15 X2.2 flare started at 01:44 UT, peaked at 01:56 UT, and ended at 02:06 UT 
in GOES 1-8 A flux. The flare was initiated at the center of the active region, where opposite 



(Liu et al. 


2011b: 


Sun et al. 


2011) 



monitoring the evolution of horizontal field , a compact region R along the PIL (enclosed by 
the white bordered line) is readily identified to show a pronounced enhancement of horizontal 
field strength B h = ^JBI + S| after the flare (cf. Figures [T] (a) and (b)). Close temporal 
association of this field change with flare emissions and its permanence relative to the flare 
duration are demonstrated in Figure [2](a) covering a period spanning 10 hrs, in which we 
find that {Bh) at the region R increases by ~30% from ~1300 G to ~1700 G in ~30 minutes. 
This rapid evolution ensues from the beginning of the flare at 01:44 UT, with the change-over 
time cotemporal with the rapid rising of soft X-ray flux and peaking of HXR emissions. To 
further characterize the properties of magnetic field, we calculate magnetic shear S, weighted 
shear angle S, and magnetic inclination angle (p. Here S is defined as the product of field 
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Fig. 1. — Pre- (a) and postflare (b) HMI maps revealing the enhancement of horizontal 
field in a region R at the PIL (white line) as enclosed by the white bordered line, which 
is defined based on the smoothed difference image of B^. A preflare B v map in (c) (scaled 
at ±1 kG), the first available Hinode/SOT Ha image in (d), an AIA 94 A image at the 
flare onset in (e), and an Ha image at the flare peak time in (f) are overplotted with 
contours (30%-90% of the maximum flux) denoting RHESSI PIXON images. The arrows 
in (f) indicate the direction of motion of the main HXR footpoints, as well as that of the 
chromospheric ribbons besides their separation. 
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Fig. 2. — Temporal evolution of various magnetic properties of the region R enclosed by the 
white bordered line in Figure HJ in comparison with the light curves of RHESSI HXR flux 
in the 35-100 keV energy range (red) and GOES flux in 1-8 A (blue). The vertical error 
bars indicate 3a level. See § [3] for details. 



strength and shear angle S = B-6 (IWang et al.lll994l . 12006c IJing et al.ll2008l ) , where B 



\B\ 



9 = cos _1 (-B • B p )/(BB p ), and the subscript p represents the potential field. The weighted 
shear angle of a region of interest with n pixels is then S = Yli^i/ '5^i-^»> "where i=l,2,...n. 
The inclination angle ip relative to the horizontal plane is ip = tan _1 (|i?^|/(i?^ + Bf) l l 2 ). 
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Fig. 3 . — Schematic picture interpreting our observations based on the model of iMoore et al. 
(120011 ) . Two sigmoidal loops FP3-FP2 and FP4-FP1 in the preflare state (left panel) re- 
connect to create a large-scale erupting loop FP3-FP4 escaping as a CME and smaller 
loop FP1-FP2 lying close to the surface contributing to the detected surface magnetic field 
change (right panel). For clarity, overlying arcade fields and their reconnection leading to 
flare ribbons are omitted. 



From the results shown in Figures [2](b)-(d), it can be clearly seen that all of (S), S, and 
(cp) exhibit an abrupt change in the field strength, inclination angle, and azimuthal angle 
by about 400 G radian, 7°, and —10°, respectively, within the same transition time as (B^) 
upon the flare occurrence. Please note that in order to demonstrate that the rapid changes 
are very significant compared to variations seen in the long-term evolution, we plot the 
3a pre (3<r pos ) as error bars in Figure El where a pre (a pos ) is derived from the linear fit of 
the temporal evo lution of each qua ntity in the preflare (postflare) state. Corroborating our 
previous studies ( [Wang fc Liull2010l . and references therein), the above rapid developments 
evidenced by the unambiguous HMI observation strongly suggest a more horizontal and 
sheared state of the photospheric magnetic field at the region R after the flare. We note 
that although the increase of S and S seems contrary to the relaxation of nonpotentiality 
as required to energize eruptions, it has been demonstrated using field ext rapolations that 



the increase is localized and both S and S decrease above a certain height ( IJing et al.l 12008 



Sun et al. 


2011; 


Liu et al. 


2011a) 



after the flare. 

On the spatial relationship between the field change and flare emissions, the region R 
lies between the earliest conjugate HXR footpoint sources at ~01:49 UT (Figure H]^c)) and 
the ends of the double J-shaped flare ribbons (Figure [D^d)). Intriguingly, AIA 94 A images 
show two extra footpoint-like flare brightenings FP3 and FP4 at the two far ends of the 
flaring PIL (Figure [U^e)). Co-spatial HXR emissions at FP3 and FP4 were observed few 



-7- 



minutes later (Figure [T^f )) , and the motion of HXR footpoints as well as the evolution of 
chromospheric ribbons generally proceed in such a manner as to reduce the magnetic shear, 
along the PIL (illu strated by the arrows in Figure QJf)) as reported in eruptive sigmoids 



Ji et al.ll2008l ). These lead us to a picture as we schematically ill ustrate in Figure [5} 



.e.g., 

wher e the flare could be triggered by the tether-cutting reconnection ( iMoore et al.l Il995l . 



20011 ) between the two sets of sigmoidal loops FP3-FP2 and FP4-FP 1 as clearly discernibl e 



in EUV images, which results in the J-shaped flare ribbons (also see ISchrijver et al.l 1201 lh . 
The reconnected large-scale fields FP3-FP4 could erupt outward to become the halo CME 
associated with this flare, and the newly formed smaller loops FP1-FP2 lying close to the 
surface could then account for the enhanced at the region R. Such a reconnection of two 
current- carrying loops would also effectively lead the current path to move downward closer 
to the surface, which can explain the increase of S and 5* f lMelrosd 119971 ). Alternatively, 
increase of the magnetic nonpoten tiality at and nea r the surface could result from the newly 
emerging, sheared magnetic flux (IJing et al.l 120081 ). which could occur after the relaxation 
of fields above the surface due to the flare energy release. It is worth mentioning that the 
region R at the PIL is between flare ribbons/kernels at opposite polarities, hence the observed 
field changes cannot be attributed to flare emissions ([Patterson fc Zirinl 11981c iQiu fc Gary 



20031 ). Detailed investigation of the flare HXR emission in further relation to the coronal 



field dynamics is out of the scope of the current study and will be presented in a subsequent 
publication. 



4. SUMMARY AND DISCUSSION 

We have used the unprecedented SDO/HMI vector field observations to analyze the 
changes of the photospheric magnetic field associated with the first X-class flare in the solar 
cycle 24, with the aid of images of flare emissions in multiple wavelengths. Main results are 
as follows. 

1. A compact region R along the flaring PIL shows a rapid and permanent enhancement 
of (Bh) by 400 G (~30% of the preflare magnitude) within about 30 minutes, which 
has a close temporal relationship with the flare HXR emission. Meanwhile, the nonpo- 
tentiality represented by magnetic shear also exhibits a pronounced increase near the 
surface. 

2. The initial HXR sources FP1 and FP2 as well as the double J-shaped flare ribbons 
are at the two ends of the region R lying at the central of this sigmoidal active region. 
Two additional flare footpoints FP3 and FP4 are clearly seen in the hot 94 A channel, 
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l ocated at the far e nds of the sigmoid. We suggest that the tether-cutting reconnection 
(IMoore et al.ll200ll ) between the loops FP3-FP2 and FP4-FP1 produces the short and 
low-lying loops FP1-FP2, whi ch could explain the enhanced as well as S and S 
at the region R (iMelrosd 119971 ). The detected enhancement of nonpotentiality o n the 
surface could also be due to the newly emerging, sheared fields (IJing et al.ll2008l ). 



In summary, the HMI observations presented in this study constitute the first solid ev- 
idence of flare-induced changes of the photospheric magnetic field, which strongly endorses 
our previous result s using ground-based vector magnetograms subject to seeing variation 
(jWang fc Liull2010l . and references therein). The unambiguously observed enhancement of 
horizontal field on the surface strongly suggests that the photospheric magnetic field could 
respond to the coronal field restructuring by tilting toward the surface (i.e., toward a more 
horizontal state) near the PIL, and that this development may be due to the tether-cutting 
reconnection pro ducing the flare. This view is also wel l in line with the recent theoreti- 
cal development ([Hudson et al.l 120081 ; iFisher et al.l 120101 ) , where the back reaction on the 
solar surface resulting from the coronal field evolution as required by the energy release is 
quantitatively assessed. Further systematic studies of flare-related magnetic field change, 
especially when aided with extrapolation models, are promising to provide further insight 
into the relationship between the sur face field change and coronal magnetic reconnection 



[e.g., 



Sun et al.ll201ll ; iLiu et al.ll2011ah . 
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